Abstract: Plants and the fission yeast Schizosaccharomyces pombe synthesize small cadmium-binding peptides, called phytochelatins, in response to cadmium. Derived from glutathione (GSH: y-Glu-C~s-Gly), they have the general structure (y-GluCys)nGly, where n is 2 11. In order to study the biosynthesis of phytochelatins, we used the mutagen N-methyl-N'-nitro-N nitrosoguanidine (MNNG) to select mutants with a lowered GSH content. GSH-deficient mutants show a Cd-sensitive phenotype, whereas resistance to Cu is only slightly influenced. These Cd-sensitive mutants contain 2-15% of the wild-type GSH level. For three mutants a lowered activity of y-glutamylcysteine synthetase was measured. One of the mutants was transformed to Cd-resistance and the complementing fragment was analyzed further. The complementing fragment hybridized with chromosome III. In the transformants, GSH content was restored up to wild-type levels, whereas the activity of y-glutamylcysteine synthetase was significantly increased compared with the wild-type. Possible mechanisms for Cd-resistance in the transformants are discussed.
Introduction
Heavy metals like copper and zinc play a vital role in the metabolism of all organisms. Excess of these metals and other non-essential heavy metals like cadmium, mercury and lead can be detrimental to cellular processes. Many human disorders are caused by environmental contamination with heavy metals, e.g. a heightened risk of cancer. Animals and certain fungi, like Saccharomyces cerec'isiae and Neurospora crassa, use cysteine-rich proteins, the so-called metallo-thioneins, to bind heavy metals [1] . Plants and other fungi, like the yeasts Candida glabrata and Schizosaccharornyces pombe, synthesize small peptides, called cadystins [2] or phytochelatins [3] . Derived from glutathione (GSH: y-Glu-Cys-Gly), they have the general structure (y-Glu-Cys)nGly, where n is 2-11. Biosynthesis of the tripeptide GSH is catalyzed by the enzymes y-glutamylcysteine synthetase (EC 6.3.2.2) and glutathione synthetase (EC 6.3.2.3). Synthesis of phytochelatins from GSH is catalyzed by the enzyme phytochelatin synthetase, which has been identified in Silene cucubalus as a Cd-dependent enzyme [4] . Two different forms of phytochelatinmetal complexes are found in Schizosaccha-romyces pornbe [5] . The low molecular mass complex consists of phytochelatin and cadmium; in the high molecular mass complex sulfide is also found. In order to identify genes involved in detoxification of Cd, we initiated the isolation and characterization of Cd-sensitive mutants. In continuation of a previous paper [6] wc present in this paper a detailed physiological and molecular characterization of three mutants deficient in GSH biosynthesis and an attempt to isolate the relevant genes by complementation.
Materials and Methods

Chemicals
Restriction enzymes were purchased from Boehringer (Mannheim) and used as indicated by the supplier, Other chemicals were all analytical grade reagents.
Strains, media and growth conditions
Standard media were used for growth of S.
pombe and Escherichia coli. A semisynthetic minimal medium was used (YNB without amino acids: 0.67% YNB; 0.02% L-asparagine; 0.5% KH2PO4; 2.0% glucose; 1.5% Difco agar). The E. coli strains SF8 and DH5o~ were used for propagation of pUC18 and pUC19. Isolation of mutants resistant to N-methyl-N'-nitro-N-nitrosoguanidine was performed according to Glaeser et al. [6] .
Molecular techniques
DNA manipulations. Standard yeast genetic methods were used as described [7] . Procedures and conditions used for isolation of plasmid DNA, digestion with restriction enzymes, isolation of DNA fragments, agarose gel electrophoresis and transformation of E. coli were carricd out according to Ausubel et al. [7] .
Cloning of DNA fragments by complementation.
A 13-kb DNA fragment was isolated from a S.
pornbe genomic library. The mutant strain 20 was transformed with a genomic library from S. pornbe in pFL20 by the lithium acetate method [8] .
Transformants were incubated at 30°C directly on minimal medium plates containing all supplements except of uracil. One transformant was selected, from which the plasmid pFL20-01 was isolated. DNA of pFL20-01 was digested with
BamHI and an insert of 9 kb was ligated into the yeast-E, coli shuttle vector pFL20 generating plasmid pFL20-02. After transformation into E.
coil and retransformation of S. pombe, transformants showed a Cd-resistant phenotype.
DNA sequencing, Parts of the 9-kb fragment were sequenced using the dideoxy chain termination method of Sanger [9] . Fragments of 2.4 kb and 1.6 kb were subeloned in pUC19 and sequenced using the nested deletion kit from LKB.
Protein sequence homology search. This was done in the EMBL database.
Biochemical methods
Determination of sulfllydo, l groups. Sulfhydryl groups were measured with 5,5-dithiobis-(2-nitrobenzoic acid) (DTNB) according to [10] .
Measurement of enzyme activities in the GSHcycle, y-Glutamyl transpeptidase activity was de-
termined by the release of p-nitroaniline from y-glutamyl-p-nitroanilide in the presence of glycylglycine according to Akerboom and Sies [11] . Glutathione reductase was determined by the method of Racker [12] , glutathione-S-transferase following the method of Habig et al. [13] and glutathione-peroxidase by the method of Lawrence and Burk [14] . Concentration of glutamate was determined according to Bergmeycr [11] . Assays for y-glutamylcysteine synthetase and glutathione synthetase were done according to Moore et al. [15] , Protein concentrations were assayed by the method of I~)wry ct al. [16] . For the assays of y-glutamylcysteine synthetase and glutathione synthetase, early log phase cells were harvested, washed in buffer and disrupted by shaking with glass beads. The extract was purified by dialysis. Glutathione concentrations and the other enzyme activities were measured in extracts from lyophilized cells.
Lyophilization of cells.
A culture grown to late log phase in 500 ml glucose complete medium was harvested, washed twice with K-phosphate buffer (10 raM, 1 mM EDTA, pH 6.5) and resuspcnded in 15 ml buffer. Cells were lyophilized and the freeze-dried cells were stored at -20°C.
Results and Discussion
h~duction and selection of cadmiurn-sensitit,e mutants
The mutagen MNNG is activated by the intracellular thiol groups. The main source of thiol groups in the cell is glutathione with about 50% of the total SH content of a cell [17] . Mutants deficient in GSH possess a less efficient MNNG activation capacity and are therefore more resistant against the mutagen. MNNG-resistant mutants were isolated and tested for their sensitivity against CD. Mutants were purified several times on Cd-containing medium. Table 1 summarizes GSH contents and Cd tolerance values of the wild-type, the three mutants and the three transformants. The wild-type D18 tolerates 50 x 10 --s M Cd, whereas the three mutants stop to grow at Cd concentrations between 1 and 8 x 10 -5 M. The GSH content of the mutants is between 2 and 15% of the wild-type. The Cd sensitivity of the mutants can be explained, since the cell is not able to synthesize the Cd-complexing phytochelatins.
Actit,,ity of enzymes in the GSH-cycle
The activities of glutathione peroxidase, glutathione-S-transferase, y-glutamyl-transpepti-305 Table 2 Activity of enzymes of the GSH cycle of the wild-type (D18) and three GSH-deficient mutants in percent of the wild-type dase, glutathione reductase and glutathione synthetase are not significantly different from the wild-type activities ( Table 2 ). The only activity, which is significantly lower in the mutants is y-glutamylcysteine synthetase (Table 1 ). The mutants 4, 20 and 38 exhibit 41-54% of the wild-type activity, respectively. The values, however, are too high to explain the low glutathione content of the mutants. A possible reason for the GSH deficiency will be discussed below. For determination of metal tolerance, the colony pattern was transferred by replica-plating on solid glucose complete medium containing Cd or Cu in the following concentrations (Cd: 10 s M; 10 -7 M; 10 6 M; 0.4, IX, 2×, 3x, 4, 8× 10 5 M; 10 -4 M; 0.5x, lx,3x,6xl0 -3 M;Cu: 10-4; 10 7; 10-6; 10 5;5×10 -4 M; lx,2x,3×,4x,6×,8x10 -3 M; 1x,2×,4×,8x10 -2 M). After 5 days of incubation at 30°C, growth was monitored. The concentrations indicated are the highest concentrations where visible growth was obtained after 5 days of incubation. The GSH content of the wild-type was 280 nmol/109 cells. The wild-type activity of y-glutamylcysteine synthetase was 0.037 U mg-~, measured in minimal medium-grown cells. Values for GSH content and 7-glutamyl synthetase are the means of five independent experiments. 
Residual GSH-content, growth rates and respiratory competence in GSH-deficient mutant
Growth curves were determined in minimal medium for the wild-type and the three mutants. The results are summarized in Table 3 . The mutants 4 and 38 showed increased lag-phase and increased generation times both in complete and in minimal medium. In minimal medium the reduction in growth rate was more pronounced than in complete medium. Mutant 20, however, grew not much slower than the wild-type both in minimal and complete medium. This mutant possesses the highest GSH content (14%). This observation is supported by the study of GSH-deficient mutants in Saccharomyces ceret'isiae [18] . In mutants with 2-6% GSH, Kistler [18] also observed a longer lag phase and increased generation times. A minimal GSH content of 15% was found to be critical for normal cell growth. In the S. pombe mutants there is also a correlation between GSH content and MNNG sensitivity: mutants with higher residual GSH content show an increased sensitivity to MNNG. In the mutants with lower GSH content, respiration deficient isolates appeared, which were not characterized further. This is in agreement with the studies in S. cerelqsiae, where mutants with low GSH contents accumulate rho-mutants. It will be of interest to characterize the respiratory defect in the S. pombe mutants, since this yeast produces rho--type mutants very unfrequently. Recently a correlation between GSH content and mitochondrial functions has been observed by Lisowsky (personal communication). He found that a defect in mitochondrial transcription can be cured by overexpression of the gene coding for 3'-glutamylcysteine synthetase. The protective influence of GSH against mitochondrial damage has also been reported by Meister and Anderson [19] .
Copper-resistance in wild-type and Cd-sensitiL~e mutants
The three mutants show only a slight decrease in Cu-resistance (Table 1) , which indicates that the phytochelatin system is less, if at all, involved in the detoxification of Cu. This indicates that an other system, possibly metallothioneins, could be involved in Cu-resistance. Experiments are in progress to isolate Cu-sensitive mutants in order to test this.
Transformation of wild-type and Cd-sensitiL,e mutants
Mutant 20 was transformed with a genomic library of S. pombe cloned in pFL20. A plasmid which complemented the Cd-sensitive phenotype was isolated (pFL20-01). This plasmid was also able to complement the defects in the other two mutants. In the wild-type, the multicopy plasmid led to a 2.6-fold increase of y-glutamylcysteine synthetase activity, but no increase in GSH content could be observed. The transformed mutants showed between 42 and 132% of the wild-type GSH content and an increase in y-glutamylcysteine synthetase activity up to values higher than that of the wild-type. The resistance to Cu, however, was increased neither in the wild-type nor in the mutants after transformation with the plasmid. The same correlation between GSH content and growth inhibition by MNNG as shown for the mutants was also demonstrated for the transformants: increased GSH content caused increased sensitivity to MNNG.
Genetic and physical mapping of the complementing gene
Crosses between the Cd-sensitive mutants harbouring the ura4 mutation with Cd-tolerant ade7-strain showed linkage of the Cd-sensitive phenotype with the uracil defect, indicating that the mutation is located on chromosome III. The three chromosomes from S. pombe were sepa-rated by pulsed-field gel electrophoresis, blotted, and hybridized with the insert from plasmid pFL20-01. Hybridization was found with chromosome III, supporting the data from random spore analysis (data not shown).
Molecular characterization of the complementing fragment
The original insert isolated from plasmid pFL20-01 was 13 kb long. A BamHI fragment of 9 kb was able to complement the mutants to Cd-resistance. Two HindlII fragments within the 9-kb fragment were sequenced. In a 2.4-kb HindIIl fragment, two reading frames with coding capacities of 122 and 133 amino acids were identified. One of the reading frames exhibits a 42% similarity with the transcription activator eIF-4A from mouse [20] , the second reading frame a 53% similarity with an ATP-dependent RNA helicase from Drosophila [21] . It is premature to draw conclusions from these sequence data before the entire piece of DNA has been sequenced and the reading frames have been disrupted. It is, however, tempting to speculate whether one or the other reading frame could be responsible for restoration of normal g[utathione content and the increase in y-glutamylcysteine synthetase. As mentioned above, the decrease of this enzyme activity to roughly 40-50% of the wild-type activity may not be enough to be responsible for the extremely low GSH content.
found that purine biosynthetic genes are involved in Cd-tolerance in S. pombe [23] . They describe that specific steps of the de novo purine biosynthesis pathway are required for conversion from the low molecular to the high molecular mass Cd-phytochelatin complex. In a previous paper, Glaeser et al. [6] described a mutant gone (gsh-50) from S. pombe, which causes accumulation of more Cd than in the wild-type. In contrast to the wild-type, which is very likely able to excrete Cd as sulfide, the mutant is not able to do so. Further analysis of this gene is required in order to find out whether the gene product is involved in the transport of Cd out of the cell.
In summary, these analyses have shed some light on the complex detoxification mechanisms for Cd in fission yeast. Certainly a systematic study of Cd-sensitive mutants will be necessary to complete this picture.
